Single photon sensitivity is an important property of certain detection systems. This work investigated the single photon sensitivity of the Adaptive Gain Integrating Pixel Detector (AGIPD) and its dependence on possible detector noise values. Due to special requirements at the European X-ray Free Electron Laser (XFEL) the AGIPD finds the number of photons absorbed in each pixel by integrating the total signal. Photon counting is done off line on a thresholded data set.
experiments foreseen at the European XFEL one cannot In this study, single photon sensitivity of AGIPD is de-29 fined as a false positive rate is below 10 −6 (less than one 30 hit due to noise per frame of 1 megapixel 1 ) while simulta- 
The Adaptive Gain Integrating Pixel Detector
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(AGIPD)
37
AGIPD is based on the hybrid pixel technology. The has been investigated elsewhere [8] .
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In order to provide a sufficiently high quantum effi-64 ciency at higher photon energies a silicon sensor with a 65 thickness of 500 µm will be used. 2 After heavy irradiation and/or at elevated temperatures the signal droop of the storage cells becomes non negligible. Reducing the operating temperature has been shown to mitigate this effect [9] , detailed investigations are currently ongoing.
3 Standard operating conditions employ about 100 ns integration time. For such short exposure times the contribution of leakage currents, even when elevated after irradiation, is negligible. Integrating over multiple pulses has been suggested for certain experiments, but the impact of this is beyond the scope of this study.
4 Although all observations support it, this assumption is not trivial, especially for tails more than 5 sigma away from the mean (i.e. very rare events).
5 As CDS stage and readout buffer insert their noise 'downstream' of the preamplifier an increase in gain reduces the equivalent noise charge on the input. angle θ between the incoming photon and the beam axis: 
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The results for the quantum efficiency for both win- 6 All derivations in this paragraph use the cross section for photoabsorption. As a consequence 2nd order effects including in-sensor scattering are neglected.
7 The purpose of the thin oxide layer is to increase the adhesion of the aluminum and to reduce the probability of 'spikes' of 'hillocks'. Electric contact between the implant and the metal is ensured by a sufficient number of small 'vias' in the oxide. For more information see [13, 14] and references therein. 
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In the present study pixels were not summed uncondi- 8 The seed criterion reduces the number of possible pixel summing combinations to test, thereby increasing the overall speed. As long as it is below half (2 pixel summing) or one quarter (4 pixel summing) of the beam energy it has no influence on the result.
If more then one possibility to fulfill the neighbor criterion was found, the pixels with the highest total 170 energy deposition were summed. Pixels could only 171 be summed once.
172
• 4 pixel summing: Pixels fulfilling the seed criterion 173 and the neighbor criterion extended to 2 by 2 pixel 174 regions (Quad criterion).
As the pixels were not summed unconditionally, the in-troduced selection bias increases the probability of finding 177 a false positive beyond the rate that would be expected 178 with √ 2 EN C noise for unconditional 2 pixel summing 9 .
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On the other hand the introduced selection bias sometimes The detector response of AGIPD was calculated us- 9 An example is a pixel being just above threshold with all its neighbors being negative enough for the sum to be below threshold. Unconditional summing will not detect a hit, while the employed summing algorithm will.
10 It would be possible to include the data processing at some point in the readout chain, but this is not foreseen at the moment. 11 ISO DEBYEFLEX 3003 from GE Measurement and Control Solutions, set to 50 kV and 39 mA 12 99.9% from Goodfellow GmbH, 61213 Bad Nauheim, Germany 13 Although this setup eliminates most of the tube spectrum due to the low scattering probability, the intensity of the copper K-edge fluorescence photons is high enough that some of them can be detected at the sensor location.
14 In this way pixel to pixel variations are excluded from the comparison. 15 The pedestal correction ensures that the most probable measurement point is located at 0 units by offset subtraction. 16 As the simulations did not account for edge effects the system is ergodic. This means that the simulation of N pixels in M frames produces statistically equivalent results for any combination of N and M as long as the product of N and M stays constant. In the end the simulated data used for the compari- 343
344
where N pix is the number of detector pixels and erfc(x) 345 the complementary error function.
346
As equation 4 only depends on the ENC (in electrons)
347
we can use it to derive the required absolute threshold (in 
Definition of single photon sensitivity
358
As mentioned in the introduction, for this study we The specific values used for these criteria are some-
373
what arbitrary, but have been proven to be useful in many 374 experimental conditions.
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Failing to achieve single photon sensitivity at a specific 
Results
402
All results are normalized to the number of photon The theoretical maximum value of the probability to detect a true positive is not unity, as there is about 3% probability of a photon scattering and being absorbed in a different pixel at this energy. 2.3. It should be noted that the employed charge summing 427 is a data processing step which is done entirely offline, i.e.
428
neither in the ASIC nor in the readout chain.
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The impact of charge summing is detailed in the next 
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At these thresholds the true positive rate is approximately 449 95% for both.
450
The benefit of employing charge summing is shown in 
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For the thresholds mentioned above, using 2 pixel charge 463 summing produces the same total detection probability, 23 The probability to detect impinging single photons has to be multiplied by the QE as given in Figure 2 threshold true positive rate [%] Shown results are for the indicated relative thresholds, which are the minimum thresholds required to achieve single photon sensitivity. For configurations of beam energy and charge summing scheme not presented here single photon sensitivity could not be achieved. It should be noted that although the threshold is increased when employing charge summing schemes, the true positive rate stays approximately the same although in total more events are detected. Furthermore it is observed that charge summing reduces the probability of counting an event multiple times at the expense of a higher probability to have an event misallocated.
Summary
511
This work investigated the single photon sensitivity 512 of the AGIPD system. Single photon sensitivity was de-513 fined as the possibility to select a threshold such that the 514 expected rate for false positives is below one per frame
515
(P (1|0) < 10 −6 ), while simultaneously having an average 516 true positive rate of more than 50% (P (1|1) > 0.5).
517
Simulations were performed using the HORUS detector 
